Using the root spread information of pioneer plants to quantify 7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50 by the dry sieving method and by the hydrometer method for the coarse (i.e. gravel 233 and sand) and the fines fraction (i.e. silt and clay), respectively (BS 1377 Part 234 2:1990). Soil organic matter content was estimated through the loss on ignition 235 method (Schulte and Hopkins, 1996) . Soil saturated hydraulic conductivity was 236 measured at 5 different locations with a constant head Guelph permeameter (Reynolds 237 and Elrick, 1990). The former soil parameters were used to determine the soil's field 238 capacity (θ fc ) and wilting point (θ wp ) by means of pedotransfer functions (Toth et al., 239 2015) . The mean θ fc and θ wp values between the sampled points was employed as 240 input into RPDM (see 2.3). 241 242
Plant parameters 243 244
Three different dominant species of perennial pioneer herbs were selected (Table 1 ) 245 for parameterisation. All of them are native species that are well distributed over the 246 entire UK, generally colonizing disturbed grounds (Perring and Walters, 1982) . Plant 247 sampling was carried at the height of the 2014's growing season (i.e. late July-early 248 August) in which ten to eleven individuals of each species were sampled at random 249 locations within the study site. Each plant individual was carefully excavated by hand 250 without separating the above and belowground parts. In addition, to quantify the plant 251 cover in terms of the aboveground biomass and the abundance of the selected plant 252 species, twenty-five 1 m 2 quadrants were randomly sampled within the study site 253 (USDA-NRCS, 1997). 254 Each plant individual was clipped 2 millimetres above the collar with precision 257 scissors to separate the above from the belowground part. The biomass of the above 258 and belowground plant parts was determined after oven drying at 70ºC for 48 hours. 259
The relationship between above and belowground parts (i.e. plant allometry) was 260 evaluated through the implementation of exponential regression models in R 3. To estimate the root cross-sectional area with soil depth (i.e. rooted soil), the root 269 diameters (d i ) for each depth interval were summed up and the area was then 270 calculated as A i =π(Σd i /2) 2 , assuming that the soil-rooted area approaches a 271 circumference at every considered depth and that fine roots are randomly distributed 272 within. The average of all observations at every depth for each plant species were 273 considered, to which an exponential regression model was fitted in R 3.1.2. The 274 proportion of root-reinforced soil (i.e. root area ratio; RAR) was then calculated as 275 
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Contrariwise, we assumed herein that water income is no longer a limiting resource in 292 the soil profile for root system spread as, in temperate humid climates, precipitation 293 tends to be plentiful while evapotranspiration, or atmospheric water demand, is kept 294 at relatively low level (Allen et al., 1998) . Therefore, we simplified Laio's analytical 295 model by considering that all the soil's incoming water would potentially be available 296 to plants. Hence, the mean rooting depth was estimated as: 297
where α is the mean rainfall intensity per event (mm/event) over the growing season 298 (see 2.2.1), and n(θ fc -θ wp ) is the soil's available water content (AWC) to plants, being 299 n is the soil porosity (unitless), θ fc is the soil's volumetric moisture content at field 300 capacity and θ wp the soil's volumetric moisture content at wilting point (see 2.2.2).
301
Therefore, the mean rooting depth (b) would be just constrained by the soil 302 hydrological properties and fostered by the mean rainfall intensity during the growing 303 season (α). With this, it is also assumed that, according to hydrotropism principles 304 (Eq. 1) (e.g. Tsutsumi et al., 2003) , the extent to which water can infiltrate in the soil profile 305 is key to determining the extent of root profiles (Laio et al., 2006) and that 306 evapotranspiration does not limit the availability of water to plants in temperate 307 humid climates. Having estimated b, the soil depth at which the 95 % (i.e. z 95 ) of the 308 roots can be found can be calculated as z 95 =3b (Laio et al., 2006) .
309
The root distribution profile, or root spread, was considered to decrease exponentially 310 with the soil depth (z); assuming that the probability distribution of the rainfall 311 intensity was also exponential (Laio et The sensitivity of RPDM was analyzed with the One-factor-At-a-Time approach 333 (OAT; Daniel, 1973) , considering the mean root cross-sectional area as the model 334 output. The 9 independent model parameters ( Table 2 ) were considered and their base 335 value was varied ±20% to account for natural variability. One model run was carried 336 for each parameter value change (i.e. 18 model runs in total). The parameter change 337 that generated the greatest output variation with respect to the original model run was 338 kept for the estimation of the sensitivity index (SI) and the percentage of variation 339 (PV) (Felix & Xanthoulis, 2005) . Finally, the effect of the most sensitive parameters 340 on the root distribution profiles was evaluated and discussed. 341 Table 2 . RPDM's independent parameters considered within the sensitivity analysis. RPDM expansion was carried using the 'raster stack' concept (a collection of raster 347 layers with the same spatial extent and resolution) of the R's package 'raster' 348 (Hijmans, 2014) . Thus, we modeled a given soil column, of a pixel size area (i.e. 349 raster resolution), as the pool of superimposed raster pixels for a given XY coordinatewithin a given raster stack (Fig. 3 ). The range of depths for a given soil profile was 351 then portrayed by each layer in the stack; assigning the same z-value (depth) to every 352 pixel belonging to the same stack layer. This approach makes also possible to assign 353 different attributes to each layer in order to mimic the features of different soil 354 horizons. However, isotropic soil profiles were considered herein for the sake of 355
simplicity. 356 357 358 359
The spatially distributed RPDM was tested on our study site (i.e. Catterline bay; Fig.  360 1), where the root spread and, its corresponding effect on slope stability (see 2.4), 361
were retrieved from 4 randomly selected pixels. Soil spatial inputs to RPDM were 362 obtained by spatially interpolating the measured soil parameters (see 2.2.2). The 363 spatial interpolations were carried with the machine learning algorithm 'Random 364
Forest' (RF) (Breiman, 2001 ) using terrain attributes (i.e. slope, aspect, curvature and 365 shade) and plant cover as environmental spatial covariates (Table 3) ; following the 366 principles of the 'scorpan' approach (Jenny, 1941) . The terrain attributes were 367 derived from a 2m digital surface model (DSM) (GetMapping, 2014) using the 3D 368
Spatial Analyst package of ESRI ArcGIS 10.1. RF was implemented using the R 369 package randomForest (Liaw and Weiner, 2002) in R 3.1.2. RF's outcome was 370 validated using a random-hold back, or bootstrapping method (Efron, 1979) To assess the soil-root mechanical reinforcement effect against shallow landslides, the 379 retrieved root spread information was employed to estimate the apparent root 380 The soil parameterisation results (Table 5) Results from the plant parameterisation (Table 6) show that the aboveground dry 440 biomasas (M a ), at the individual level, and for the three studied herb species, ranged 441 between 14.20±1.45 g (E. acris) and 27.65±8.66 g (R. obtusifolius). The belowground 442 dry biomass (M r ), however, ranged between 1.65±0.71 g (S. dioica) and 13.36±4.05 g 443 (R. obtusifolius). The plant abundance in the study site (A; Table 6 ) varied between 444
% (S. dioica) and 10.87 % (E. acris). 445
The allometric parameters (α' and β; 
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b M a T : mean of the total aboveground biomass found at the two quadrants in which the considered plant species was the most abundant.
462 463
The mean RAR between the considered depths ( The root systems (Fig. 5) for the three studied species (Table 1) presented clear 470 morphological differences. Regarding the root spread (Figs. 6a-c) , the three species 471 shown a decreasing exponential profile distribution with soil depth to which an 472 exponential regression model was fitted with a goodness of fit (R 2 ) above 0.9 in all 473 cases (Table 6 ). All root systems investigated were distributed within the uppermost 474 300 mm of the soil profile, with the deepest root system belonging to Rumex 475 obtusifolius (Fig. 6b) 
476
RPDM predictions for the root spread parameters, b and Ar o , and their respective 477 predictive capacities, are gathered in Table 6 . RPDM predicted values for both 478 parameters that did not significantly differ (χ 2 =1.66, df=2; χ 2 =1.34, df=2) from the 479 observed and regressed counterparts (Table 6) Table 7 . The predictive capacity of the implemented RF algorithms (Table 3) for the 502 soil texture (%Sand:R 2 =0.94; %Fines:R 2 =0.93) and soil organic matter (R 2 =0.88) was 503 high while it was relatively low for the plant biomass cover (R 2 =0.31). 504 Table 7 . Outcome from random forest (RF) spatial interpolations for each of the considered soil spatial variables.
505
R 2 : coefficient of determination; RMSE: root-mean-square-error.
506
Spatial 
Spatial prediction of root spread 509 510
The outcome from the spatial prediction of the root spread is shown in Fig. 8 in terms  511 of the rooting depth (i.e. z 95 =3b; soil depth at which 95 % of the roots can be found) 512 and in Fig. 9a in terms of the root profile distribution for 4 randomly chosen points 513 The mechanical effect of root spread on slope stability (Fig. 9b) for each randomly 524 selected point within the study area (i.e. Points A, B, C and D; Fig. 8 ) was limited to 525 the topmost soil (i.e. 0-200 mm) and showed differences in light of root spread 526 differences (Fig. 9a) provided by soil spatial properties differences. The predicted 527 apparent root cohesion (Fig. 9c) and its subsequent mechanical effect on slope 528 stability (Fig. 9d) for the 3 studied species and for the 2 additional treatments (i.e. oak 529 tree and bare soil) pointed that it was Erigeron acris the most effective herb species 530 model (Laio et al., 2006) is not applicable to our study area and supporting the need 541 of modification for our study site. In addition, the shape of the rainfall intensity 542 distribution function (Fig. 4a) was exponential for all the studied rainfall time series 543 belonging to our study site. Hence, according to Laio's (2006) original model, the 544 root systems in our study region should be expected to be exponentially shaped; 545 supporting the assumption made in this regard (see 2.3.1). 546
In reference to the growing season duration (Table 4) hand, rainfall events were evenly distributed over the entire year throughout the 553 considered time series (Fig. 4b) . Consequently, the duration of the growing season 554
was not expected to have a significant impact on the RPDM predictions in this regard 555 (see 4.4). Nonetheless, in case of an uneven rainfall distribution throughout the year 556 (i.e. seasonal), an accurate determination of the growing season duration would be 557 paramount for a better prediction of the root distribution profiles (Tron et al., 2014) . 558
Both the mean annual rainfall (R), as well as the mean rainfall intensity during the 559 growing season (α) were considerably lower in our study site than for the rest of the 560 stations (Table 4 ) which presented wetter conditions. As a result of this, and based on 561 RPDM formulation (see 2.3), shallower root systems would be expected in our study 562 site in comparison with sites closer to the other meteorological stations. 563 564
Soil parameters 565
The results from the soil parameterisation (Table 5) suggest that rainfall infiltration 566 will not be constrained by the soil properties and the AWC to plants (n(θ fc -θ wp )) will 567 be adequate for the development of root systems in depth. According to this, we 568 believe that rainfall infiltration will mainly be driven by gravity (i.e. producing a 569 vertical flow) despite the terrain steepness (Lu and Godt, 2013) . Although runoff will 570 also be fostered by the topographical conditions once the topsoil moisture approaches 571 saturation levels (Mein and Larson, 1973), on average (i.e. throughout the growing 572 season) this will not affect significantly the water availability for root development 573 determines the root system's shape in the soil profile. However, on an individual 586 basis, it was observed that some profiles better resembled a gamma shaped 587 distribution (unpublished data). Hence, local ecological factors other than rainfall 588 distribution and water availability may have an influence on the shape of the root 589 profile (e.g. Casper et al., 2003; Schenk, 2005) . 590
All root systems just explored the uppermost soil profile (i.e. 0-300 mm b.g.l) and in 591 depths depending on the plant biomass ( Fig. 6a-c; Table 6 ). In the same line, it was 592 also observed that the proportion of rooted soil (i.e. RAR) varied with plant biomass 593 (Table 6, Figs. 6a-c) ; the higher the plant biomass the higher the root cross-sectional 594 area in the topmost soil horizons. The fact that higher biomass plants tend to spread 595 wider and deeper may be related to the plant's own stabilisation in the ground 596 (Chiatante et al., 2003) or related to resources use efficiency and competition issues 597 with other plant species (Schenk, 2005) . that root systems could explore as much as 2 m depth of the soil profile for climate 607 parameters matching our study site's which is not achieved even by woody plants in 608 the UK (e.g. Nicoll & Amstrong, 1998; Crow, 2005) . It is worth noting that shallow 609 root systems were expected to be found as, indicated earlier (see 2.3.1), plant water 610 availability will not be constrained in the topmost soil horizons in temperate humid 611
climates. Nonetheless, it must be borne in mind that the whole root systems were 612 excavated from their natural environment, and different records may be obtained with 613 onsite measurement methods, such as the profile wall method (Böhm, 1979) . 614
Regarding the observed RAR values, these were in all cases lower than the values
